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1
WIRELESS RECEIVER

CLAIM OF PRIORITY

This application claims the benefit of priority of Australia
Patent Application No. 2015904909, filed on Nov. 27, 2015,

the benelit of priority of which 1s claimed hereby, and which
1s 1ncorporated by reference herein 1n 1ts entirety.

FIELD OF THE INVENTION

The present mvention relates to a method and apparatus
for channel estimation in a wireless communications system.

BACKGROUND OF THE INVENTION

In OFDM based communications systems operating in
mobile outdoor radio environments 1t 1s advantageous to use
decoder outcomes to assist with estimating a communica-
tions channel Decoder outcomes are outcomes from a
decoder including estimates of the underlying information
bit stream and, 1n some cases, estimates of the output from
the corresponding encoder. The estimated channel can then
be used to demodulate the received signal, even if the
channel 1s changing during receipt of a data packet.

A data packet typically includes a known nitial segment,
called a preamble, that allows an 1nitial channel estimate to
be formed. A channel estimator uses this preamble-based
channel estimate to decode at least the earlier parts of the
payload (1.e. the data bearing segment of the data packet
tollowing the preamble). Once decoding 1s performed on the
carlier parts of the payload, the channel estimate may be
updated based on the decoder outcomes, and may therefore
be tracked during receipt of later parts of the payload.

Reference to any prior art 1n the specification 1s not, and
should not be taken as, an acknowledgment or any form of
suggestion that this prior art forms part of the common
general knowledge 1n any jurisdiction or that this prior art
could reasonably be expected to be understood, regarded as
relevant and/or combined with other pieces of prior art by a
person skilled 1n the art.

SUMMARY OF THE INVENTION

According to a first aspect of the invention there 1s
provided a method of estimating a communications channel
between a transmitter and a receiver, the method compris-
ing: recerving at the receiver a first sequence of bits repre-
senting a first sequence of coded symbols transmitted over
the communications channel; decoding the first sequence of
coded symbols using maximum-likelthood based decoding
including: generating traceback outcomes by tracing back-
wards the first sequence of bits through a maximume-likeli-
hood based traceback path, the traceback outcomes includ-
ing a first portion associated with a first traceback depth and
a second portion associated with a second traceback depth
that 1s deeper than the first traceback depth; generating a
channel estimate of the communications channel based on
the first portion of the traceback outcomes; and generating
an estimate of at least some information bits coded in the
first sequence of coded symbols based on the second portion
of the traceback outcomes.

The first portion may be subject to a first information bit
error rate (BER) and the second portion may be subject to a
second information BER that 1s lower than the first infor-
mation BER.
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2

The method may further comprise disregarding any esti-
mate of the information bits generated based on the first
portion of the traceback outcomes.

The step of generating a channel estimate of the commu-
nications channel may commence after generation of the
first portion of the traceback outcomes and before comple-

tion of generation of the second portion of the traceback
outcomes.

The step of generating an estimate of information bits
may commence aiter completion of generation of the second
portion of the traceback outcomes.

The traceback outcomes may include a third portion that
1s associated with a third traceback depth that 1s shallower
than the second traceback depth, and that 1s subject to a third
information BER that 1s higher than the first information
BER, and the method may further comprise: disregarding
any estimate of information bits generated based on the third
portion of the traceback outcomes; and disregarding any
estimate of a transmitted coded symbol generated based on
the third portion of the traceback outcomes.

The step of generating a channel may include generating,
an estimate of at least one of the first sequence of transmuitted
coded symbols based on the first portion of the traceback
outcomes.

The step of generating a channel may include: generating,
an estimate of mformation bits coded 1n the coded symbols
based on the first portion of the traceback outcomes; and
re-encoding the estimate of the information bits to form
re-encoded symbols.

The method may further comprise: receiving at the
receiver a second sequence of bits representing a second
sequence ol coded symbols and including at least part of the
first sequence of bits; decoding the second sequence of
coded symbols using maximum-likelithood based decoding
including: generating further traceback outcomes by tracing
backwards the second sequence of bits through a maximum-
likelihood based traceback path, the further traceback out-
comes 1cluding a fourth portion associated with a fourth
traceback depth and a fifth portion associated with a fifth
traceback depth that 1s deeper than the fourth traceback
depth, generating an updated channel estimate of the com-
munications channel based on the fourth portion of the
turther traceback outcomes; and generating an estimate of at
least some mnformation bits coded 1n the second sequence of
coded symbols based on the fifth portion of the further
traceback outcomes. The method may further comprise

disregarding any estimate of the information bits generated
based on the fourth portion of the further traceback out-
comes.

The further traceback outcomes may include a sixth
portion that 1s associated with a sixth traceback depth that 1s
shallower than the fourth traceback depth, and that 1s subject
to a sixth information BER that 1s higher than the fourth
information BER, the method further comprising: disregard-
ing any estimate of information bits generated based on the
sixth portion of the further traceback outcomes; and disre-
garding any estimate of a transmitted coded symbol gener-
ated based on the sixth portion of the further traceback
outcomes.

The second and/or the fifth traceback depth may be no less
than approximately 7N, where N 1s the encoding constraint
length.

Any one or more of the first portion, the second portion
correspond to one or more OFDM symbols, the fourth
portion and the fifth portion may correspond to one or more

OFDM symbols.
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The first and/or the second sequence of coded bits may be
encoded using a convolutional code.

The method may further comprise generating soft bits
based the first and/or the second sequence of bits for the
decoding.

According to a second aspect of the invention, there 1s
provided an apparatus for estimating a communications
channel between a transmitter and a receirver, the apparatus
comprising: an mput configured to recerve a first sequence
of bits representing a {first sequence ol coded symbols
transmitted over the communications channel; a decoder
configured to decode the first sequence of coded symbols
using maximume-likelithood based decoding by at least: gen-
erating traceback outcomes by tracing backwards the first
sequence of bits through a maximum-likelihood based trace-
back path, the traceback outcomes including a first portion
associated with a first traceback depth and a second portion
associated with a second traceback depth that 1s deeper than
the first traceback depth; and generating an estimate of at
least some information bits coded in first sequence of the
coded symbols based on the second portion of the traceback
outcomes, and a channel estimator configured to generate a
channel estimate of the communications channel based on
the first portion of the traceback outcomes.

Further aspects of the present invention and further
embodiments of the aspects described i1n the preceding
paragraphs will become apparent from the following
description, given by way of example and with reference to
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a schematic diagram of a communica-
tions system including a transmitter, a receiver and a com-
munication channel.

FIG. 2 1llustrates schematically a time representation of
data bits at various points in an orthogonal frequency
division multiplexing (OFDM) based system.

FIGS. 3A and 3B each illustrate a partial trellis diagram
for a 4-state rate-1/2 convolutional coding scheme.

FIGS. 4A-4C each illustrate the information bit error rate
(BER) as a function of traceback depth 1n a trellis traceback.

FIG. 5 illustrates a method of generating a channel

estimation according to the present disclosure.
FIG. 6 1llustrates three iterations of the method of FIG. 5

on an OFDM data packet.

DETAILED DESCRIPTION OF EMBODIMENTS
INTRODUCTION

Described herein are a method and an apparatus for
estimation of a wireless communications channel between a
transmitter 110 and a receiver 120. FIG. 1 illustrates a
simplified schematic diagram of a communications system.
As 1llustrated 1n FIG. 1, the transmitter 110 includes an
encoder 112 which encodes 1nput information bits 114 nto
coded bits 116, and a modulator 118 which modulates the
coded bits 116 into a suitable signal format at radio-ire-
quency (RF) frequencies for wireless transmission as a via
a transmitting antenna. The RF signal 1s transmitted wire-
lessly through a communications channel 150. In practice,
the eflects of the communication channel 150 are to distort
the RF signal by, for example, introducing noise, timing,
ntters and frequency oflsets. The role of the encoder 112 1s
to add redundancy to the transmitted data so that errors due
to such signal distortions can be corrected atfter the distorted
RF signal 1s received and demodulated at the recerver 120.
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At the receiver 120, a receiving antenna receives the
distorted RF signal. The recerver 120 includes a demodula-
tor 122 to demodulate the received RF signal to generate
received bits 124. The recerved bits 124 generally differ
from the coded bits 116 due to the signal distortions. The
receiver 120 also includes a decoder 126 to decode the
received bits. The decoding process generates an estimate
128 of the information bits 114 by essentially reversing the
operation of decoder and, 1n doing so, attempting to recover
the information bits 114 by counteracting the eflects of the
signal distortions. The following description refers particu-
larly to convolutional coding but 1s applicable to other types
of coding, such as turbo coding and low-density parity-
check (LDPC) coding.

A skilled person would appreciate that, for simplification,
there may be other components which are omitted from FIG.
1, such as an interleaver/de-interleaver, a scrambler/de-
scrambler, a data/symbol mapper, fast Fourier transiform
(FFT) or inverse FFT units and a puncturer/depuncturer.

One or more of the components of the receiver 120 may
be implemented as software, such as a computer program
including instructions stored in a non-transitory computer-
readable medium and executable by the one or more pro-
cessors. In one example, the non-transitory computer-read-
able medium 1s a memory or storage module, such as
volatile memory 1ncluding a random access memory
(RAM), non-volatile memory including read-only memory
(ROM), or a harddisk. The one or more processors may be
one or more computer processing units (CPUs). Alterna-
tively or additionally the one or more of the components of
the receiver 120 may be implemented as hardware, such as
using one or more digital signal processors (DSPs), appli-
cation-specific integrated circuits (ASICs) or field-program-
mable gate arrays (FPGAsS).

To improve the accuracy of the information bit estimate
128 generated by the decoder 126, the receiver 120 may
include a channel estimator 130 to at least partially com-
pensate the eflects of the channel As mentioned in the
background, the channel estimator 130 may nitially rely on
the preamble of the received packet to provide a channel
estimate 132 to assist the demodulator 122 to demodulate at
least the earlier parts of the payload (i.e. the data bearing
segment of the data packet following the preamble). Once
decoding 1s performed on the earlier parts of the payload, the
channel estimator 130 may update the channel estimate 132
based on the decoder outcomes (1.e. the information bit
estimate 128 which are then re-encoded and/or the estimates
134 of the coded bits) as they are released from the decoder
126. Updated channel estimates 132, which reflect more
accurate or changed channel characteristics, may then be
provided to the demodulator 122 for use in demodulating the
later parts of the payload.

In orthogonal frequency division multiplexing (OFDM)
communication systems, each data packet 1s encoded and
modulated to include multiple OFDM symbols. As FIG. 2
illustrates, each OFDM symbol corresponds to a block or set
ol information bits 114 at the transmaitter 110 to be encoded
by the encoder 112 as well as corresponding to their esti-
mates generated by the decoder 126. In some cases, each set
of recerved bits 124 1s processed 1n the receiver 120 on a
symbol-by-symbol basis. In others, the received bits 124
may be processed other than on a symbol-by-symbol basis.
For example, received bits 124 may be processed 1n blocks
of multiple symbol and/or multiple subcarriers, or processed
based on the entire packet. In the description that follows, a
receiver processing received bits on a symbol-by-symbol
basis 1s described, but a skilled person would appreciate that
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similar principles apply to a recetver which processes
received bits on a basis other than a symbol-by-symbol
basis.

Traceback

At the decoder 126, decoder outcomes include estimates
128 of the information bits 114 (hereinafter “information bit
estimate(s)”) as well as estimates 134 of the coded bits 116
(hereinatter “coded bit estimate(s)”). As illustrated 1n FIG. 1,
the coded bit estimate 134 may be provided to the channel
estimator 130 for generating an updated channel estimate
132. Decoder outcomes are released based on traceback
outcomes generated 1n a traceback process (or trellis trace-
back). The traceback process 1s described 1n further detail as
follows using Viterbi decoding as an example, though a
skilled person would appreciate that the description 1s appli-
cable to any maximum-likelithood based decoding.

FIG. 3A illustrates a partial trellis 300 corresponding to a
section of an OFDM symbol for a 4-state rate-1/2 code. In
some embodiments, when a received OFDM symbol 1s
processed at the recerver 120, a block of “soft bits” pertain-
ing to that OFDM symbol may be generated and provided to
the decoder 126, such as a Viterbi decoder. The Viterbi
decoder 1s a finite-state machine that allows 1t to update
survivor metrics with this new block of “soft bits”. The state
of the decoder 1s advanced by a number of epochs 302 equal
to the number of information bits 114 encoded into the
OFDM symbol. On each branch of the trellis are two pieces
of information—the 1nput label 304 and the output label 306.
In the case of a rate-1/2 code, the input label 304 corre-
sponds to a single information bit (b) and the output label
306 consists of two coded bits (dd). The mput label bits are
usetul to the higher layers of the stack (e.g. according to the
layer of stacks i the Open Systems Interconnection (OSI)
model) and are passed up for further processing. The output
label bits are those used to, in the case of quadrature
amplitude modulation (QAM), select I/Q symbols at the
transmitter and are therefore of interest to the channel
estimator 130 for generating channel estimates.

From the encoding perspective, each encoder epoch 302
towards the right 1n FIG. 3A corresponds to a new iput (b)
taken sequentially from the information bits 114 into the
encoder 112, resulting 1n a set of output bits (dd) forming the
coded bits 116 and a new state (00, 01, 10 or 11). The output
bits (dd) are a function of the current state and the new input
(b) Stmilarly, the new state 1s also a function of current state
and the new input. For example, 1n a 4-state rate-1/2 code,
as 1llustrated 1n FIG. 3B, each new input bit (b) results 1n a
transition to a new state and an output of two bits (dd)
dependent on the original state and the input bit (b). For the
example of FIG. 3B, starting from an immitial state 00, the
input bits of 110 cause traversal of the encoder 112 to states
01, 10 and 00, producing output bits 01 00 10. A skilled
person would appreciate that these state transitions and
output bits can be expressed by look-up tables or a trellis.

From the decoding perspective, a list of surviving paths 1s
kept, one for each state 1n the trellis. Each surviving path 1s
of a certain, common, depth. The depth 1s measured 1n a
number of encoder epochs 302. In a Viterb1 decoder, as a
newly received OFDM symbol 1s processed, the surviving
paths are created by adding new epochs (corresponding to
the newly recerved OFDM symbol) to the head of the trellis
memory. This may be performed by the add-compare-select
accumulation of surviving paths and their associated path
metrics. In some embodiments, a puncturer 1s used at the
transmitter side to reduce the number of coded bits produced
by the encoder 112 to increase the effective code rate. In
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these embodiments, at the receiver side, a de-puncturer
iserts de-punctured bits before the received bits are

decoded by the decoder 126.

As illustrated 1n FIG. 4A, from time to time, the trellis 300
1s traversed 1n reverse time 1n a traceback process to generate
traceback outcomes 401, which, in the case of a 4-state rate
1/2 code, include estimates of the mput bits (b) and the
output bits (dd) at each encoder epoch. Estimates of the
output bits (dd) correspond to estimates 134 of the coded bits
116, whereas estimates of the mput bits (dd) correspond to
estimates 128 of the information bits 114. In general, the
traceback process begins from the end 402 of the survivor
memory (1.e. from the most recently added information) and
traverses this memory 1n the traceback direction 403 (1.e. in
reverse time). Each epoch traversed corresponds to an
encoder epoch which, i the case of typical OFDM stan-
dards, corresponds to a single information bit and 1 or more

coded bits.

The traceback process visits a sequence of state transi-
tions or branches contained 1n the Viterb1 survivor memory.
For each epoch a branch (corresponding uniquely to a
transition between a pair of states either side of the epoch)
1s 1denfified as being the ftransition that mostly likely
occurred at the encoder 112 at this epoch. Effectively the
Viterb1 traceback process attempts to visit each encoder
trellis branch 1 reverse order to that of the encoder 112 1n

a maximume-likelihood based path to achieve maximum-
likelihood based decoding.

As each epoch i1s traversed in the traceback, traceback
outcomes 401 can potentially be released from the decoder
126 as the decoder outcomes. However, unless the termi-
nating state 1s known (e.g. 1n the maddle of a packet),
carlier-generated part(s) of the traceback outcomes 401 at
shallow traceback depths may be subject to high information

bit error rate (BER) 410. For example, parts 404 and 406 of

the traceback outcomes 401 correspond to, respectively, an
unacceptable and an elevated information BER 410. A
skilled person would therefore appreciate that, in Viterbi
traceback, these earlier-generated parts 404 and 406 of the
traceback outcomes 401 at a shallow traceback depths are

disregarded and prevented from being released as decoder
outcomes since they are subject to higher information BER
410 than those generated at further or deeper traceback
depths 1n the traceback process from a later-generated part
408 of the traceback outcomes 401, which corresponds to an
acceptable mformation BER. That is, only selected trace-
back outcomes 412 may be released as decoder outcomes,
whereas some traceback outcomes 414 are disregarded (see
FIG. 4B).

As 1llustrated in FIG. 4B, a known rule of thumb 1s to
disregard or prevent release of the early-generated bits 1n the
traceback process for generating decoder outcomes. For
example, only traceback outcomes at traceback depth of 7N
or greater are released, where N 1s the constraint length of
the chosen convolutional coding. The released estimates of
output bits (dd), which correspond to the coded bit estimates
134, may be provided to the channel estimator 130 and used
to generate a channel estimate 132 Similarly, the released
estimates of mput bits (b) correspond to the information bit
estimates 128. For a 64-state code, and using this rule of
thumb, the first 42 bits from the traceback are disregarded
and only bits traversed later 1n the traceback process are
released as decoder outcomes. The disadvantage of holding
ofl the release of decoder outcomes 1s the delay 1n providing
updated channel estimate 132.

(L]
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Release of Traceback Outcomes for Channel Estimation

The present disclosure provides that the estimates of
output bits (dd) (1.e. coded bit estimate 134) for generating
channel estimate 132 and the estimates of input bits (b) for
generating information bit estimate 128 may be released
from different parts, hence at diflerent times, of the trace-
back outcomes 401.

In one embodiment, as illustrated 1n FIG. 4C, the esti-
mates of output bits (dd) (1.e. the coded bit estimate 134) for
use by the channel estimator 130 are released from the
carlier-generated part 406 of the traceback outcomes 401,
which correspond to an elevated (but not unacceptable)
information BER, than the later-generated part 408 of the
traceback outcomes 401, which corresponds to an accept-
able information BER and are released for generating the
information bit estimates. As in FIG. 4B, 1n the embodiment
illustrated 1 FIG. 4C, the traceback depth at which the
information BER 1s considered acceptable may be defined
by the 7N rule-of-thumb. The traceback depth at which the
information BER 1s considered elevated (but not unaccept-
able) may be defined by another criteria based similarly on
the traceback depth. For example, a traceback depth from
2N to 7N may be applied to identify traceback outcomes
with an elevated information BER. Traceback outcomes
from within the earlier-generated part 406, which corre-
sponds to traceback depths subject to an elevated informa-
tion BER, are disregarded and prevented from being
released for generating any information bit estimate. Simi-
larly, traceback outcomes 401 from within the earliest-
generated part 404, which corresponds traceback depths
subject to an unacceptable information BER, are still disre-
garded and prevented from being released for generating
either estimate. As mentioned above, coded bit estimates
134 released earlier 1n the traceback outcomes 401 may 1n
turn be used for generating channel estimate 132 by channel
estimator 130.

Whilst the part 406 1s characterised by an elevated infor-
mation BER 410, the more quickly available, but reduced
quality coded bit estimates 134 1n the part 406 are acceptable
for use 1n channel estimation, because the channel estima-
tion process 1s understood to have increased tolerance to bit
errors than the information bit estimate. For example, 1t 1s
understood that a bit error 1n the sequence of information
bits will result 1n media access control (MAC) frame failure
due to the Frame-Check-Sequence (or FCS), whereas, 1n
comparison, a bit error i the channel estimate training
symbols 1s not understood to be fatal due to time and
frequency domain smoothing of the channel estimate 132
and the robustness of the error control code to be applied
subsequently.

The advantage of early release of traceback outcomes 1s
that channel estimation can be started earlier than 11 channel
estimation 1s generated based on coded bit estimate from
later traceback outcomes. Consequently, the early release of
traceback outcomes improves the delay in providing channel
estimates 132.

Further, early release of traceback outcomes for channel
estimation purposes has the advantage that the received
OFDM symbols used for channel estimation are closer to the
wavelront of the received OFDM symbols, meaning that the
channel estimates used for log-likelihood ratio (LLR) cal-
culations are less aged (1.e. “younger”) than 11 the channel
estimates are generated based on the coded bit estimate from
a later part of the traceback outcomes. Relying on younger
channel estimates 1s particularly important 1n mobile appli-
cations where the channel i1s changing rapidly during a
packet.
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The earlier parts 404 and 406 and the later part 408 of the
traceback outcomes are generally of a different length and,
in an OFDM system, each correspond to one or more OFDM
symbol periods. The respective lengths of parts 404, 406 and
408 depend on the actual information BER characteristics of
the communications channel 1n question. As illustrative
examples, for a wireless link:

An acceptable information BER 1s below approximately

107°.

An elevated information BER 1s below approximately

10~* and above approximately 107°.

An unacceptable mformation BER 1s approximately

above 107>,

Other BER values are also possible.

FIG. S 1llustrates a method 500 of the present disclosure
in estimating the communications channel between a trans-
mitter and a receiver. The transmitter 1s configured to
transmit data including (1-1)-th coded bits generated by
encoding (1-1)-th information bits and 1-th coded bits gen-
erated by encoding 1-th information bits. The (1-1)-th coded
bits are earlier bits than the 1-th coded bits. The (1-1)-th
coded bits and the 1-th coded bits may be of different length.
In the case of an OFDM-based system, the (1—1)-th coded
bits may include one or several OFDM symbols. Similarly,
the 1-th coded bits may include one or several OFDM
symbols. In other words, 1 and (1-1) may be, but are not
necessarily, treated as the OFDM symbol index.

The disclosed method includes the step 502 of receiving
data including (1-1)-th received bits corresponding to the
(1-1)-th coded bits and 1-th received bits corresponding to
the 1-th coded bits. In general, the received bits and coded
bits are different due to signal distortion arising from chan-
nel eflects. The disclosed method also includes the step 504
of decoding the received data using maximum-likelihood
based decoding, which includes generating traceback out-
comes by tracing backwards through a maximum-likelihood
based path across at least the 1-th received bits and thereafter
the (1—1)-th recetved bits. The generated traceback outcomes
include a first part 406 corresponding to the 1-th recerved bits
and a second part 408 corresponding to the (1—1)-th received
bits. Since traceback outcomes are generated 1n a traceback
process 1n reverse time, the first part 406 of the traceback
outcomes corresponding to the 1-th received bits are gener-
ated earlier than the second part 408 of the traceback
outcomes corresponding to the (1—1)-th received bits. The
disclosed method also includes the step 506 of generating a
channel estimate of the commumnications channel based on at
least a portion of the first part 406 of the traceback outcomes,
and the step 508 of generating an estimate of the (1-1)-th
information bits based on at least a portion of the second part
408 of the traceback outcomes.

In the case of an OFDM system, 1n one scenario, the first
part 406 (1.e. the part associated with an elevated informa-
tion BER) of the traceback outcomes may be several OFDM
symbols long. In this scenario, the channel estimate can be
generated based on a portion of the first part 406, such as the
output bits of the traceback outcomes that belong to one of
the several OFDM symbols. For example, 1t may improve
processing speed of the recerver where the channel estimate
1s generated based on an estimate of the OFDM symbol
released earliest within the first part 406 of the traceback
outcomes 410. The channel estimate may be based on any
portion (e.g. the first part 406 or the second part 408), with
the expectation that using a larger traceback depth intro-
duces more latency in the processing. In another scenario,
the first part 406 may be only one OFDM symbol long, in
which case the channel estimate 1s generated based on
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output bits generated 1n the entire portion of the first part 40
of the traceback outcomes. Similarly, 1n one scenario, the
second part 408 of the traceback outcomes 410 may be one
or several OFDM symbols long.

In one arrangement, the step 506 of generating a channel
estimate commences aiter or soon after tracing backwards
through the 1-th received bits and before completion of
tracing backwards through the (1-1)th received bits. That 1s,
channel estimation may commence as soon as the first part
406 of the traceback outcomes 410 1s available. Early release
of traceback outcomes 410 associated with elevated but not
unacceptable information BER may provide early com-
mencement of channel estimation. The step 508 of gener-
ating an estimate of the (1—1)-th information bits commences
alter completion of tracing backwards through the (1-1)th
received bits.

More generally, and referring to FIG. 4C, generating
traceback outcomes include tracing backwards through
firstly (1+1)-th received bits (to generate a thurd part 404 of
the traceback outcomes 410), then the i1-th received bits (to
generate the first part 406 of the traceback outcomes 410),
and thereafter the (1—1)-th received bits (to generate a second
part 408 of the traceback outcomes 410). The (1+1)-th
received bits correspond to (1+1)-th coded bits generated at
the encoder 112 based on (1+1 )-th information bits. The third
part 404 of the traceback outcomes 410 corresponding to the
(1+1)-th received bits 1s however disregarded due to their
association with an unacceptably high information BER.
Accordingly, the step 506 of generating a channel estimate
may include disregarding a third part 404 of the traceback
outcomes 410 that correspond to the (1+1)-th received bits.
This third part 404 1s also disregarded for the purposes of
generating the mformation bit estimate 128.

In one scenario, the length of the third part 404 or the
(1+1)-th received bits 1s 2N. That 1s, only traceback out-
comes beyond the length of 2N are released due to unac-
ceptably high information BER. Other lengths of the third
part 404 are also possible.

In some arrangements, the combined length of the (1+1)-th
received bits and 1-th received bits 1s no less than approxi-
mately a traceback length of approximately 7N, where N 1s
the encoding constraint length of the chosen convolutional
coding. In these arrangements, therefore, the generation of
the information bit estimate 128 has at least a lag time
corresponding to 7N.

Updating Channel Estimate

When one or more new symbols of a data packet are
received and added to the start of the trellis memory, the
method 500 may be repeated to provide an updated channel
estimate by commencing from the new start of the trellis
memory. Each iteration of the method 500 also advances the
position of the data packet at which the information bit
estimate can be provided.

FIG. 6 shows an example of three iterations of the method
500 during reception of an OFDM data packet. For simpli-
fication, the data packet in this example includes OFDM
symbols (1-1), 1, (1+1), (1+2) and (143) each lasting a single
OFDM period. That 1s, 1n this example, (1-1), 1, (1+1), (1+2)
and (1+3) can also be treated as OFDM symbol index. A
skilled person would appreciate that the method 500 may be
applied to 1terate on data packets having portions of different
s1zes (such as that shown 1n FIG. 4C). Also, to illustrate the
relevant principle, only three 1terations to be applied towards
a middle portion of a data packet are shown. A skilled person
would appreciate that more iterations before and/or after
these 1terations may be required depending on the length of
the entire data packet.
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At iteration =1, OFDM symbols (1-1), 1 and (1+1) have
been received. The method 3500 1s applied to the partially
received data packet, including tracing backwards through a
maximume-likelihood based path across firstly symbol (1+1),
then symbol 1 and thereafter symbol (1-1). At this iteration,
traceback outcomes corresponding to symbol (1+1) are dis-
regarded. A channel estimation 1s generated based on trace-
back outcomes corresponding to symbol 1 (step 506), and an
information bit estimate may be generated based on trace-
back outcomes corresponding to symbol (1-1) (step 508).

At 1teration =2, an additional OFDM symbol (1+2) has
been received. The method 500 1s applied to the partially
received data packet, including tracing backwards through a
maximume-likelihood based path across firstly symbol (1+2),
then symbol (1+1) and thereafter symbol 1. At this 1teration,
traceback outcomes corresponding to symbol (1+2) are dis-
regarded. An updated channel estimation 1s generated based
on traceback outcomes corresponding to symbol (1+1) (step
506), and an information bit estimate 1s generated based on
traceback outcomes corresponding to symbol 1 (step 508).

At iteration =3, a further OFDM symbol (1+43) has been
received. The method 500 1s applied to the partially recerved
data packet, including tracing backwards through a maxi-
mum-likelthood based path across firstly symbol (1+3), then
symbol (1+42) and thereafter symbol (1+1). At this 1teration,
traceback outcomes corresponding to symbol (1+3) are dis-
regarded. A further updated channel estimation 1s generated
based on traceback outcomes corresponding to symbol (1+2)
(step 506), and an nformation bit estimate 1s generated
based on traceback outcomes corresponding to symbol 1+1
(step 508).

Now that embodiments of the present disclosure are
described, 1t should be apparent to the skilled person 1n the
art that the described wireless receiver has the following
advantages:

Channel estimation can be commenced earlier since
decoding outcomes generated during the earlier of the
traceback process are used. This reduces the time lag in
ultimately providing the estimates of the information
bits.

The earlier channel estimation also allows more time-
relevant (1.e. less aged) channel estimates for use with
decoding the received bits. In situations where the
channel changes rapidly, for example, in a mobile
environment, this facilitates more accurate decoding
results.

For the purposes of channel estimation, a data re-encod-
ing step at the receiver 1s not necessary, since the
traceback outcomes intrinsically include coded bit esti-
mates for use by the channel estimator.

It will be understood that the mmvention disclosed and
defined 1n this specification extends to all alternative com-
binations of two or more of the individual features men-
tioned or evident from the text or drawings. For example, a
4-state rate-12/convolutional coding scheme 1s described,
other convolutional coding schemes may well be suitable.
All of these diflerent combinations constitute various alter-
native aspects of the mvention.

What 1s claimed 1s:

1. A method of estimating a communications channel
between a transmitter and a receiver, the method compris-
ng:

recerving at the receiver a first sequence of bits repre-
senting a first sequence of coded symbols transmitted
over the communications channel; and

decoding the first sequence of coded symbols using
maximum-likelthood based decoding including:




US 10,193,659 B2

11

generating traceback outcomes by tracing backwards
the first sequence of bits through a maximume-like-
lithood based traceback path, the traceback outcomes
including a first portion associated with a first trace-
back depth and a second portion associated with a
second traceback depth that 1s deeper than the first
traceback depth;

generating a channel estimate of the communications
channel based on the first portion of the traceback
outcomes; and

generating an estimate of at least some information bits
coded 1n the first sequence of coded symbols based
on the second portion of the traceback outcomes;

wherein generating the channel estimate of the commu-

nications channel commences after generation of the

first portion of the traceback outcomes and belfore

completion of the second portion of the traceback

outcomes.

2. The method of claim 1 wherein the first portion 1s
subject to a first information bit error rate (BER) and the
second portion 1s subject to a second information BER that
1s lower than the first information BER.

3. The method of claim 1 further comprising disregarding,
any estimate of the information bits generated based on the
first portion of the traceback outcomes.

4. The method of claim 1 wherein the traceback outcomes
includes a third portion that 1s associated with a third
traceback depth that 1s shallower than the second traceback
depth, and that 1s subject to a third information BER that 1s
higher than the first information BER, the method further
comprising:

disregarding any estimate ol information bits generated

based on the third portion of the traceback outcomes;
and

disregarding any estimate of a transmitted coded symbol

generated based on the third portion of the traceback
outcomes.
5. The method of claim 1 wherein the step of generating
a channel 1includes generating an estimate of at least one of
the first sequence of transmitted coded symbols based on the
first portion of the traceback outcomes.
6. The method of claim 1 wherein the step of generating
a channel includes:
generating an estimate of information bits coded 1n the
coded symbols based on the first portion of the trace-
back outcomes; and
re-encoding the estimate of the information bits to form
re-encoded symbols.
7. The method of claim 1 further comprising;:
receiving at the receiver a second sequence of bits rep-
resenting a second sequence of coded symbols and
including at least part of the first sequence of bits;
decoding the second sequence of coded symbols using
maximum-likelthood based decoding including:
generating further traceback outcomes by tracing back-
wards the second sequence of bits through a maxi-
mum-likelithood based traceback path, the further
traceback outcomes including a fourth portion asso-
ciated with a fourth traceback depth and a fifth
portion associated with a fifth traceback depth that 1s
deeper than the fourth traceback depth,
generating an updated channel estimate of the commu-
nications channel based on the fourth portion of the
further traceback outcomes; and
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generating an estimate of at least some mformation bits
coded 1 the second sequence ol coded symbols
based on the fifth portion of the further traceback
outcomes.

8. The method claim 7 further comprising disregarding
any estimate of the information bits generated based on the
fourth portion of the further traceback outcomes.

9. The method of claim 7 wherein the further traceback
outcomes includes a sixth portion that 1s associated with a
sixth traceback depth that 1s shallower than the fourth

traceback depth, and that 1s subject to a sixth information
BER that 1s higher than the fourth information BER, the
method further comprising;
disregarding any estimate of information bits generated
based on the sixth portion of the further traceback
outcomes; and
disregarding any estimate of a transmitted coded symbol
generated based on the sixth portion of the further
traceback outcomes.
10. The method of claim 1 wherein the second traceback
depth 1s no less than approximately 7N, where N 1s the
encoding constraint length.
11. The method of claim 7 wherein the fifth traceback
depth 1s no less than approximately 7N, where N 1s the
encoding constraint length.
12. The method of claam 1 wherein each of the first
portion and the second portion correspond to one or more
OFDM symbols.
13. The method of claim 7 wherein each of the fourth
portion and the fifth portion correspond to one or more
OFDM symbols.
14. The method of claim 1 wherein the first sequence of
coded bits are encoded using a convolutional code.
15. The method of claim 7 wherein the second sequence
of coded bits are encoded using a convolutional code.
16. The method of claim 1 further comprising generating
soit bits based the first sequence of bits for the decoding.
17. The method of claim 7 further comprising generating
soit bits based the second sequence of bits for the decoding.
18. An apparatus for estimating a communications chan-
nel between a transmitter and a receiver, the apparatus
comprising;
an mput configured to receirve a first sequence of bits
representing a first sequence of coded symbols trans-
mitted over the communications channel;
a decoder configured to decode the first sequence of coded
symbols using maximume-likelihood based decoding by
at least:
generating traceback outcomes by tracing backwards
the first sequence of bits through a maximum-like-
l1thood based traceback path, the traceback outcomes
including a first portion associated with a first trace-
back depth and a second portion associated with a
second traceback depth that 1s deeper than the first
traceback depth; and

generating an estimate of at least some information bits
coded 1n first sequence of the coded symbols based
on the second portion of the traceback outcomes, and

a channel estimator configured to generate a channel
estimate of the communications channel based on the
first portion of the traceback outcomes, wherein gen-
eration of the channel estimate of the communications
channel commences after generation of the first portion
of the traceback outcomes and before completion of the
second portion of the traceback outcomes.
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